1. Introduction
===============

Recent advances in supramolecular chemistry have paved the way for efficient synthetic routes to complex structures on the nanometer scale. In many cases porphyrin units are used as building blocks.^[@cit1]^ One of these synthetic approaches which has proven particularly powerful for the synthesis of cyclic porphyrin assemblies^[@cit2],[@cit3]^ is Vernier templating.^[@cit4],[@cit5]^ In this context, molecular templates containing nitrogen ligands in a star-shaped geometric arrangement are employed. Since these ligands have a high affinity for the central metal of the porphyrin units of a chain-like porphyrin precursor molecule, the template imposes a cyclic geometric arrangement onto the precursor which can then be transformed into the product in a final synthetic step involving ring-closure. The success of this approach crucially depends on the nature of the intermolecular metal--ligand interactions. To develop and improve synthetic strategies, precise knowledge of the relevant intermolecular interactions is of paramount importance.

Techniques that have been used so far for the characterization of such interactions include nuclear magnetic resonance (NMR), UV-vis spectroscopy and small angle X-ray scattering (SAXS). Using these methods, metal--ligand binding constants could, for example, be obtained for a series of linear zinc--porphyrin oligomers.^[@cit6]--[@cit10]^ For structural characterization, X-ray diffraction is most frequently employed, but the technique has the disadvantage of requiring the availability of single crystals. Further, in the solid state the investigated compounds might adopt a different conformation to that in solution where most experiments are performed and larger structures cannot be crystallized easily. Similarly, NMR measurements can become difficult to analyze for larger complexes and the presence of any paramagnetic metals can adversely affect the use of NMR for characterization.

For the study of large systems containing paramagnetic centers (such as copper), EPR is frequently the technique of choice. Local changes in the electronic or nuclear environment of the paramagnetic centers, which occur upon interaction with any ligand, can be probed sensitively.^[@cit11],[@cit12]^ Furthermore, EPR is also suitable for carrying out distance measurements between paramagnetic centres in the nanometer range^[@cit13],[@cit14]^ and can thus give precise information about molecular structure. Since the measurements can be carried out in frozen solution, no crystallization of the structures is necessary. In addition, information about the flexibility of any investigated structures can be obtained in form of distance distributions.^[@cit15],[@cit16]^ Finally, EPR benefits from a much higher sensitivity than NMR, so that smaller sample volumes and concentrations are required.

In this study, a ten-membered porphyrin nanoring containing two copper centers and eight zinc centers (***c*-P10~Cu2~**)^[@cit17]^ is investigated in detail by a variety of EPR techniques. The ring is studied either in isolation or in the presence of molecular templates providing either four (**T4**) or five (**T5**) potential binding sites for the central metal of the porphyrin units to form the structures proposed in [Fig. 1](#fig1){ref-type="fig"}, and henceforth referred to as ***c*-P10~Cu2~**, ***c*-P10~Cu2~·(T4)~2~**, and ***c*-P10~Cu2~·(T5)~2~**.

![Chemical structures of ***c*-P10~Cu2~**, ***c*-P10~Cu2~·(T4)~2~**, and ***c*-P10~Cu2~·(T5)~2~** (Ar = 3,5-di-*tert*-butylphenyl).](c6sc01810f-f1){#fig1}

The synthesis of the ***c*-P10~Zn10~** nanoring was reported previously.^[@cit18],[@cit19]^ Since the precursor to ***c*-P10~Cu2~** is a linear pentamer containing one copper porphyrin as the central unit, the two copper porphyrin units in the ten-membered ring will necessarily be sitting opposite each other, separated by four zinc porphyrin units on either side. The positions of the copper centers in the free ring are therefore well defined. However, in the template-bound structures, three conceivable locations of the copper centers with respect to the structure imposed by the templates result in three different inter-copper distances, as illustrated in [Fig. 2](#fig2){ref-type="fig"}. The geometries and resulting distances for the different conformations indicated in the figure have been inferred from the distances obtained by molecular modeling of a ***c*-P10~Zn10~·(T5)~2~** structure as explained in more detail in the ESI.[†](#fn1){ref-type="fn"}

![Possible conformations of ***c*-P10~Cu2~·(T5)~2~** leading to different distances between the two copper centers.](c6sc01810f-f2){#fig2}

In this study, we determine the relative populations of these different conformations and elucidate the factors that control the preferred location of the copper units in the template-bound structures. The weaker binding of copper to axial pyridine ligands explains the observed populations of conformers.

2. Results and discussion
=========================

Unless otherwise stated, all EPR measurements were performed on 0.2 mM samples in deuterated toluene. Details on the sample preparation and experimental conditions are given in the ESI.[†](#fn1){ref-type="fn"} The template-bound structures were prepared by adding an excess of template to a solution of ***c*-P10~Cu2~** so that two molecular templates are bound per ***c*-P10~Cu2~** nanoring as schematically illustrated in [Fig. 1](#fig1){ref-type="fig"}. The binding of the templates was verified by UV-vis spectroscopy. Typical UV-vis spectra confirming the binding of the molecular templates **T4** and **T5** to ***c*-P10~Cu2~** are shown in Fig. S2 to S5 in the ESI.[†](#fn1){ref-type="fn"}

2.1. Continuous wave EPR
------------------------

To characterize the electronic and nuclear environment around the copper centers in the ***c*-P10~Cu2~** structures, continuous wave (cw) EPR spectroscopy was employed at X-band (9.5 GHz). The spectra obtained for the different ***c*-P10~Cu2~** samples in frozen solution are shown in [Fig. 3A](#fig3){ref-type="fig"}; details of the experimental parameters and data processing are given in the ESI.[†](#fn1){ref-type="fn"}

![(A) Comparison of the baseline corrected continuous wave EPR spectra of the investigated samples at 100 K recorded at X-band in frozen toluene-*d* ~8~. (B--D) Numerical simulations of the experimental data as explained in the main text. The simulation parameters are indicated in the figure. The relative contribution of the second component in the simulation for ***c*-P10~Cu2~·(T5)~2~** amounts to ≈40%.](c6sc01810f-f3){#fig3}

The spectrum of ***c*-P10~Cu2~** without template ([Fig. 3A](#fig3){ref-type="fig"}, black line) essentially coincides with the spectrum of a typical copper porphyrin monomer as reported in the literature^[@cit20],[@cit21]^ and shown for a copper porphyrin monomer (**P1~Cu~**) with the same side groups as present in ***c*-P10~Cu2~** in the ESI[†](#fn1){ref-type="fn"} of this paper (Fig. S20): the interaction of the unpaired electron of copper with its nuclear spin of 3/2 results in four lines, two of which are clearly resolved at the low-field side of the spectrum (out-of-plane or *z* orientation). In the porphyrin plane (*xy*), the interaction of the unpaired electron spin with the four nitrogen atoms with *I* = 1 leads to additional (only partially resolved) hyperfine structure. The pronounced g- and A-tensor anisotropy results in a fairly broad, axially symmetric, spectrum.

The strong resemblance of the spectrum of ***c*-P10~Cu2~** to that of a typical copper porphyrin monomer is not surprising since the two copper atoms in the structure are too far apart (*cf.* [Fig. 2](#fig2){ref-type="fig"}) for dipolar interactions between the electron spins to cause any visible changes to the EPR spectrum.

Also the spectrum of ***c*-P10~Cu2~·(T4)~2~** strongly resembles that of a typical copper porphyrin monomer as can be seen from [Fig. 3A](#fig3){ref-type="fig"} (blue line). The *g*-values and hyperfine couplings of ***c*-P10~Cu2~** and ***c*-P10~Cu2~·(T4)~2~** are indistinguishable, based on a simple visual inspection of the spectra, indicating that the local nuclear and electronic structure at the copper centers is very similar in both cases.

However, compared to ***c*-P10~Cu2~** and ***c*-P10~Cu2~·(T4)~2~**, the EPR spectrum of ***c*-P10~Cu2~·(T5)~2~** is clearly different (*cf.* green spectrum in [Fig. 3A](#fig3){ref-type="fig"}). Most obvious is the increase in the *g*-values, in particular *g* ~‖~, shifting the whole spectrum to lower fields. Additionally, the copper hyperfine couplings are altered with respect to ***c*-P10~Cu2~** and ***c*-P10~Cu2~·(T4)~2~**, as exemplified by the reduced splitting between the two outmost copper transitions which are resolved at the low-field side of the spectrum.

Since it is likely that the observed changes in the spectrum of ***c*-P10~Cu2~·(T5)~2~** arise from an interaction of the copper with the pyridine nitrogen of the fifth template leg, ^14^N pulsed electron nuclear double resonance (ENDOR) experiments were carried out to gain further information on the metal--ligand interaction by measurement of the nitrogen hyperfine couplings.

2.2. ENDOR
----------

The Davies ^14^N ENDOR spectra of ***c*-P10~Cu2~** with and without templates are shown in [Fig. 4](#fig4){ref-type="fig"} for two different field positions corresponding to the *xy* and *z* orientations, respectively. A field-swept EPR spectrum showing the exact positions at which the ENDOR spectra were taken is shown in the ESI[†](#fn1){ref-type="fn"} (Fig. S6). Again, it is observed that the spectra of ***c*-P10~Cu2~** (black) and ***c*-P10~Cu2~·(T4)~2~** (blue) are almost identical, but clearly different from the spectrum of ***c*-P10~Cu2~·(T5)~2~** (green). Most crucially the ENDOR spectra of ***c*-P10~Cu2~·(T5)~2~** contain an additional minor contribution of a species with slightly reduced nitrogen hyperfine couplings (highlighted by arrows in the spectra for the *z*-orientation in [Fig. 4](#fig4){ref-type="fig"}).

![Comparison of the ^14^N Davies ENDOR spectra of all three samples recorded at field positions corresponding to the *xy* (*left*) and *z* (*right*) orientations in frozen toluene-*d* ~8~ at 15 K. The green arrows indicate the additional nitrogen hyperfine coupling observed for ***c*-P10~Cu2~·(T5)~2~**.](c6sc01810f-f4){#fig4}

2.3. DFT calculations
---------------------

Interpretation of the observed trends was aided by density functional theory (DFT) calculations allowing also the assignment of the experimentally determined hyperfine couplings. Additionally, the orientations of the hyperfine and g-tensors within the molecular frame were obtained which are needed for a precise numerical simulation of the experimental data. The structures of a copper porphyrin monomer (**P1~Cu~**) and a copper porphyrin monomer with a pyridine ligand bound to copper (**P1~Cu~·py**) were first optimized in Turbomole V6.1^[@cit22],[@cit23]^ under *C* ~2~ symmetry constraint using DFT/B3LYP in combination with the TZVP basis set,^[@cit24]^ RI-approximation^[@cit25]^ and an empirical dispersion correction to the energies.^[@cit26],[@cit27]^

The hyperfine and nuclear quadrupole interaction tensors and their orientation were then calculated for the optimized structures using the program package ORCA V3.0.^[@cit28]^ DFT calculations with the B3LYP functional were performed using the EPR II basis set^[@cit29]^ for H, C, and N and the Wachters basis^[@cit30]^ on copper. This combination of functional and basis sets was chosen since it was shown to yield computational results that are reasonably close to the corresponding experimental values in a series of very detailed theoretical investigations on hyperfine coupling parameters for comparable copper compounds with and without axial ligands.^[@cit31]--[@cit33]^ Although the B3LYP functional is known to overestimate the nitrogen couplings,^[@cit31]^ the trends and relative variations in the individual values are informative since the computational error on these properties seems to be fairly systematic. For the copper hyperfine couplings DFT/B3LYP was shown to perform well,^[@cit32]^ however the *A* ~⊥~ value is generally predicted to be much smaller than experimentally observed even if relativistic and spin--orbit contributions are accounted for. The error on the calculated *g*-values is normally large, but trends can safely be predicted.

[Table 1](#tab1){ref-type="table"} shows the calculated hyperfine coupling constants for the four nitrogens in the porphyrin plane (N^1--4^) and, in the case of **P1~Cu~·py**, also for the pyridine nitrogen (N^5^). Here, *x*, *y* and *z* refer to the tensor components along the A-tensor axes of the respective nuclei in **P1~Cu~** and **P1~Cu~·py**, whose orientation is graphically depicted within the molecular frame of the copper porphyrin in the ESI[†](#fn1){ref-type="fn"} (Fig. S23 and S24).

###### Nitrogen hyperfine coupling constants calculated for **P1~Cu~** and **P1~Cu~·py** with ORCA V 3.0 using DFT/B3LYP in combination with the EPRII basis set and comparison of the calculated values to the experimental data obtained from Davies ^14^N ENDOR measurements on **P1~Cu~** and **P1~Cu~·py** as shown in the ESI† (Fig. S18 and S19)

                  calc. ![](c6sc01810f-t2.jpg){#ugt2}/MHz   calc. ![](c6sc01810f-t3.jpg){#ugt3}/MHz   exp. ![](c6sc01810f-t4.jpg){#ugt4}/MHz
  --------------- ----------------------------------------- ----------------------------------------- ----------------------------------------
  **P1~Cu~**      \[58, 46, 47\]                            ---                                       \[54.2, 42, 43\]
  **P1~Cu~·py**   \[55, 43, 44\]                            \[--1.2, --1.1, --0.29\]                  \[50.9, 39.6, 40.3\]

Several observations can be made from the calculated nitrogen hyperfine couplings. First of all, it is noted that the hyperfine coupling constants of the pyridine nitrogen itself are very small and therefore do not contribute to the experimental ^14^N Davies ENDOR spectra shown above. Furthermore, it is observed that the in-plane nitrogen couplings are reduced by about 3 MHz in all directions upon binding of the pyridine ligand. This reduction in the in-plane hyperfine couplings explains the additional peaks observed in the ENDOR spectra of ***c*-P10~Cu2~·(T5)~2~**: the experimentally observed spectrum seems to be a linear combination of two spectra resulting from copper porphyrin units in the presence and absence of an axial pyridine ligand in their proximity, respectively.

Quadrupolar couplings for all nitrogen nuclei as well as the corresponding tensor orientations were also calculated and are shown in the ESI[†](#fn1){ref-type="fn"} (Table S2). Furthermore, upon binding of a pyridine ligand to the central copper atom of the porphyrin unit, DFT predicts an increase in *g*-values by a factor of 1.003 for *g* ~⊥~ and 1.007 for *g* ~‖~ and a decrease in the out-of-plane copper hyperfine coupling, *A* ~‖~, by a factor of 1.05, which is in very close agreement with the parameter changes observed experimentally between **P1~Cu~** and **P1~Cu~·py** shown in the ESI[†](#fn1){ref-type="fn"} (Fig. S15 and S18--S21, Table S1) where relative values of 1.003, 1.010 and 1.07 were obtained for the increase in *g* ~⊥~ and *g* ~‖~ and the decrease in *A* ~‖~, respectively.[‡](#fn2){ref-type="fn"} [^2]

2.4. Spectral simulations
-------------------------

Based on the results from DFT, in combination with the observations from ENDOR and cw EPR, it can thus be concluded that two species with different nitrogen and copper hyperfine couplings and different *g*-values contribute to the spectra of ***c*-P10~Cu2~·(T5)~2~** (and to a lesser extent also to those of ***c*-P10~Cu2~·(T4)~2~**). As a consequence, the respective ENDOR and cw-EPR spectra were simulated as a linear combination of two contributions. The hyperfine, nuclear quadrupole, and *g*-values were taken from simulations of the 'pure' spectra of **P1~Cu~** and **P1~Cu~·py** shown in the ESI[†](#fn1){ref-type="fn"} (Fig. S18, S19, S21 and Table S1) and only the relative weights of the contributions were adapted to fit the spectra of the template-bound ***c*-P10~Cu2~** structures. The numerical simulations of the spectra were carried out using the MATLAB^[@cit34]^ package EasySpin.^[@cit35]^ A reasonable agreement was obtained in all cases and the corresponding simulations for the three ***c*-P10~Cu2~** samples are shown in [Fig. 3B--D](#fig3){ref-type="fig"} and the ESI[†](#fn1){ref-type="fn"} (Fig. S7--S9).

From the simulations of the ENDOR spectra shown in Fig. S8 and S9 in the ESI,[†](#fn1){ref-type="fn"} a quantification of the additional contribution to the spectra of the template-bound structures, arising from an interaction between copper and the pyridine ligand of the template, can be attempted. Although the error on the values is difficult to determine, a reasonable estimate of the relative contributions of template bound *vs.* unbound copper units can be obtained. The best fits to the experimental ENDOR spectra as shown in the ESI[†](#fn1){ref-type="fn"} were obtained for relative contributions of bound copper of ≈5% for ***c*-P10~Cu2~·(T4)~2~** and ≈30% for ***c*-P10~Cu2~·(T5)~2~**.

2.5. HYSCORE
------------

In order to confirm the presence of the small coupling between the copper ion and the pyridine nitrogen of the template predicted by DFT, X-band HYSCORE^[@cit36]^ measurements were performed on ***c*-P10~Cu2~** and ***c*-P10~Cu2~·(T5)~2~** in toluene at 15 K.[§](#fn3){ref-type="fn"} [^3] All experimental parameters and details on the data treatment are given in the ESI.[†](#fn1){ref-type="fn"}

[Fig. 5](#fig5){ref-type="fig"} shows the (+/+) quadrant of the experimental HYSCORE spectra of ***c*-P10~Cu2~** (*top left*, A) and ***c*-P10~Cu2~·(T5)~2~** (*bottom left*, B). No relevant signals were observed in the (--/+) quadrant. Strong ^1^H signals were detected on the diagonal close to 14 MHz in both spectra but are not shown for clarity. No other signals bigger than 10 MHz were observed. A comparison of the spectra of the two samples reveals that all signals observed for ***c*-P10~Cu2~**, are also present in the spectrum of ***c*-P10~Cu2~·(T5)~2~**. However, in addition, two prominent cross peaks at (4.4, 3.8) and (3.8, 4.4) MHz are detected in the latter spectrum, which could be indicative for weak coupling to a nitrogen ligand.

![Experimental HYSCORE spectra for ***c*-P10~Cu2~** (A) and ***c*-P10~Cu2~·(T5)~2~** (B) recorded in regular toluene at 15 K and simulations of individual contributions to the experimental spectra using EasySpin for a ^13^C nucleus with hyperfine couplings of 4.0, 5.0 and 7.2 MHz for *A* ~*x*~, *A* ~*y*~, and *A* ~*z*~ (C) and a ^14^N nucleus with hyperfine couplings of \[--1.15 --1.14 --0.29\] MHz and nuclear quadrupole couplings of \[0.80 1.30 --2.10\] MHz (D).](c6sc01810f-f5){#fig5}

To confirm the assignment of the cross peaks at (4.4, 3.8) and (3.8, 4.4) MHz in the spectrum of ***c*-P10~Cu2~·(T5)~2~** and to identify the nature of the cross peaks at (1, 6) and (6, 1) MHz observed in both samples, numerical simulations were performed using EasySpin. To simulate the expected HYSCORE spectrum for the coupling of copper to the template we used the hyperfine and nuclear quadrupole couplings obtained from DFT calculations for the pyridine nitrogen of **P1~Cu~·py** (*A* ~\[*x\ y\ z*\]~ = \[--1.15 --1.14 --0.29\] MHz, *Q* ~\[*x\ y\ z*\]~ = \[0.80 1.30 --2.10\] MHz). The simulation is shown in [Fig. 5](#fig5){ref-type="fig"} (*bottom right*, D) and reproduces the observed experimental features convincingly. The cross peaks at (4.4, 3.8) and (3.8, 4.4) MHz can thus be assigned to the double-quantum peaks arising from the coupling of copper to the ^14^N nucleus of an axial pyridine ligand in ***c*-P10~Cu2~·(T5)~2~**.

To explain the rather intense cross peaks at (1, 6) and (6, 1) MHz, further simulations were carried out. Since the magnitude of the coupling corresponding to those cross peaks was most indicative of nearby ^13^C nuclei, DFT calculations were carried out for the ^13^C isotopes of all carbon atoms present in **P1~Cu~·py**. A total of 16 carbon atoms exhibit (almost equally large) couplings to copper with an average DFT hyperfine interaction of *A* = \[4.0 5.0 7.2\] MHz. Thence, although the ^13^C natural abundance is low, approximately 16% of all copper porphyrin units exhibit ^13^C couplings which contribute to the HYSCORE spectrum, resulting in the observed intense cross peaks. The simulations were carried out taking averaged values from DFT, representative for the 16 contributing ^13^C nuclei (*A* = \[4.0 5.0 7.2\] MHz) and are shown in [Fig. 5](#fig5){ref-type="fig"} (*top right*, C).

2.6. DEER
---------

Finally, four-pulse double electron--electron resonance (DEER)^[@cit37]^ measurements at 15 K were carried out at Q-band frequencies to obtain information about the geometry of the compounds and the location of the Cu-centers with respect to the structure imposed by the template in the template-bound structures (*cf.* [Fig. 2](#fig2){ref-type="fig"}). DEER spectroscopy may also provide information on the flexibility of the compounds as demonstrated previously for nitroxide-labeled porphyrin-based molecular wires^[@cit38]^ and Cu porphyrin model systems.^[@cit39]^ In this study the dipolar interaction between the two copper centers allows the determination of accurate distances without the need to attach any spin-labels to the structures. In the experiment, the pump pulse position was chosen to coincide with the maximum of the field swept EPR spectrum, and a detection pulse frequency offset of +100 MHz was applied. All further experimental details can be found in the ESI.[†](#fn1){ref-type="fn"}

The top three traces in [Fig. 6](#fig6){ref-type="fig"} show the background-corrected experimental DEER data obtained for the three ***c*-P10** structures in [Fig. 1](#fig1){ref-type="fig"} under identical experimental conditions. The corresponding raw data are shown in the ESI[†](#fn1){ref-type="fn"} (Fig. S12). Clear dipolar modulations can be discerned in all traces, pointing towards Cu···Cu separations of roughly 2.5 nm in the template-bound structures and 4.3 nm in ***c*-P10~Cu2~**. Since the modulations are well defined in all cases, it can be concluded that the distance distributions are rather narrow and the structures consequently fairly rigid.

![Experimental background-corrected DEER traces for ***c*-P10~Cu2~·(T4)~2~**, ***c*-P10~Cu2~·(T5)~2~** and ***c*-P10~Cu2~** (from *top* to *bottom*) recorded at 15 K in toluene-*d* ~8~. The bottom panel shows the DEER trace of a complex of ***c*-P10~Cu2~** with an isomer of **T4**, referred to as **T4~x~** as discussed in the main text. The modulation depth scale of 2% refers to the upper three traces, whereas the scale of 4% applies to the bottom trace.](c6sc01810f-f6){#fig6}

The differences in the traces between ***c*-P10~Cu2~·(T4)~2~** and ***c*-P10~Cu2~·(T5)~2~** might arise from a larger contribution of longer Cu···Cu distances in the latter sample. It can, however, clearly be seen that, in both cases, the shortest of the three possible Cu···Cu distances (*cf.* [Fig. 2](#fig2){ref-type="fig"}) dominates the appearance of the dipolar evolution time trace.

As the copper samples exhibit a strongly axial symmetry of the **g**-tensor, and pump and observer pulses were chosen to excite spins in the *g* ~⊥~ part of the spectrum, inter-spin distances may be obtained from the traces using Tikhonov regularization^[@cit39],[@cit40]^ as implemented in DeerAnalysis.^[@cit41]^ Previous analysis on Cu···Cu systems has shown that, under these conditions, the Pake pattern will always contain a contribution from the perpendicular component of the dipolar coupling and therefore extraction of a distance distribution using Tikhonov regularization will always yield a distance peak at the true inter-copper distance although other peaks may also be present in the distance distribution at shorter distances. In the Tikhonov analysis of the data presented here, the distance distributions yielded only one major peak at the distance expected from molecular modeling, indicating that the effects of orientation selection^[@cit42]--[@cit46]^ are negligible. In addition, data were obtained in different positions of the *g* ~⊥~ component of the spectrum and resulted in identical distances and distance distributions (*cf.* Fig. S13 in the ESI[†](#fn1){ref-type="fn"}).

The distance distributions obtained from this model-free analysis of the experimental data are shown for all samples in [Fig. 7](#fig7){ref-type="fig"}.[¶](#fn4){ref-type="fn"} [^4] The best fit to the experimental data corresponding to these distributions is shown in the ESI[†](#fn1){ref-type="fn"} in Fig. S11.

![Distance distributions for the investigated samples obtained using Tikhonov regularization as implemented in DeerAnalysis after correction for *g*-factor differences.](c6sc01810f-f7){#fig7}

For ***c*-P10~Cu2~** a distribution centered at 4.28 nm is obtained. Available crystal structures^[@cit47]^ and DFT calculations performed for a porphyrin dimer, suggest a Zn···Zn distance of 1.35 nm resulting in a diameter of 4.3 nm for a perfectly circular 10-membered porphyrin ring. The experimentally obtained distance is in excellent agreement with this expected diameter, which confirms that the ring without template is fairly shape persistent in solution. The distance distribution of ***c*-P10~Cu2~** is, however, broader (*σ* ~r~ ∼ 0.2 nm) compared to those of the template-bound structures, indicating a slightly larger flexibility of the free ***c*-P10~Cu2~** ring.

The distance distributions for the template-bound structures both show a major contribution of a well-defined short distance of 2.50 nm with a width of *σ* ~r~ = 0.08 nm. This observed distance clearly corresponds to the shortest ones indicated in [Fig. 2](#fig2){ref-type="fig"} (*top*). X-ray crystallography of a template-bound six-membered Zn--porphyrin nanoring,^[@cit48]^ showed a radius of 1.22 nm measured between the Zn ions. Imposing this geometric constraint on the template-bound structures proposed in [Fig. 2](#fig2){ref-type="fig"} (*top*), results in a predicted Cu···Cu distance (approx. 2.50 nm) in excellent agreement with the experimentally determined value.

For ***c*-P10~Cu2~·(T4)~2~**, the distance of 2.50 nm seems to be the major contribution with a relative importance of \>98%. On the contrary, in the sample of ***c*-P10~Cu2~·(T5)~2~**, longer distances also appear to contribute. The contribution of the shortest distance is reduced to roughly 80%, and two additional peaks at 4.0 and 4.6 nm with relative contributions of 5% and 15% are obtained as a result from the analysis. These longer distances which, for reasons outlined below, should not be over-interpreted, seem somewhat shorter than the ones expected from a structural model of the complex as shown in [Fig. 2](#fig2){ref-type="fig"}. The discrepancy could arise from bending of the structure as proposed in the literature^[@cit49]^ which would considerably shorten the longer distances. Twisting by large angles, however, appears unlikely, given that the shortest of the observed distances is in very good agreement with the expected value for a 'planar' structure and would be significantly shortened by any twisting of the structure. With respect to ***c*-P10~Cu2~·(T4)~2~** there is no experimental evidence for either twisting or bending of the structure, given that a minor contribution to the distance distribution at a distance of roughly 5 nm is observed which is in excellent agreement with the expected value for a 'planar' structure.

It is important here to note that only the shortest distance in the template-bound structures and its distribution can be determined with high precision. The errors on any additional longer distances and their distributions are expected to be large, due to their small relative contribution to the time evolution and the limited length of the DEER trace. Furthermore, the presented analysis is dependent on the background correction used. In this respect it is not possible to reliably analyze the observed differences between ***c*-P10~Cu2~·(T4)~2~** and ***c*-P10~Cu2~·(T5)~2~** in more detail. It can be stated safely, however, that a larger percentage of longer distances contributes to the DEER signal in the case of ***c*-P10~Cu2~·(T5)~2~**, as compared to ***c*-P10~Cu2~·(T4)~2~**, leading to the observed 'uplift' in the evolution of the DEER trace of ***c*-P10~Cu2~·(T5)~2~** at early times (\<0.7 µs).

As only the shortest possible Cu···Cu distance is observed experimentally for ***c*-P10~Cu2~·(T4)~2~**, we can conclude that the binding affinity of the pyridine ligands of the template legs to the central metal of the porphyrin units is considerably smaller for copper than it is for zinc. As a consequence, and due to the geometry of the **T4** template, the conformation corresponding to the shortest of the three possible Cu···Cu separation distances is largely preferred. This result suggests that it should be possible to influence the preferred location of the copper porphyrin units by modification of the template geometry. To test this hypothesis, we conducted DEER measurements on a molecular complex between ***c*-P10~Cu2~** and a different, 'X-shaped', isomer of **T4**, referred to as **T4~x~** and introduced in [Fig. 7](#fig7){ref-type="fig"}. If the geometry of the rings is indeed determined by preferential binding of the template legs to Zn, the two Cu centers in the complex-bound structure should now be separated by the longest of the three possible distances.

The DEER trace and the corresponding distance distribution for ***c*-P10~Cu2~·(T4~x~)** obtained from Tikhonov regularization are shown [Fig. 6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}, respectively. A well-defined modulation of the DEER trace is observed for this sample corresponding to a mean distance of 5.0 nm, confirming that the Cu sites are now separated by the largest possible Cu···Cu distance. No contributions of shorter distances are discernible. The result clearly shows that the preferred location of the copper porphyrin units is indeed governed by the differences in binding strength between zinc and copper to axial nitrogen ligands and opens up the possibility to control specific distances and thus geometries in supramolecular complexes at a molecular level.

3. Conclusions
==============

EPR is very sensitive to small changes in the local environment of the probed paramagnetic centers so that even weak metal--ligand interactions can be selectively detected and characterized, as has been demonstrated in previous studies involving transition metals compounds containing cobalt or copper.^[@cit11],[@cit50]^

In this study, the copper centers in a ten-membered porphyrin nanoring were shown to interact with axial nitrogen ligands of molecular templates. Upon binding of the ligand, the hyperfine coupling constants of the in-plane nitrogen atoms of the copper porphyrin units are reduced by about 3 MHz (∼5%) as detected by Davies ^14^N ENDOR and confirmed by DFT calculations. The coupling of the copper electron spin to the ^14^N nucleus of the pyridine ligand is much smaller and could only be observed using HYSCORE.

Results from cw EPR spectroscopy revealed that, upon binding of the pyridine ligand, the *g*-values and copper hyperfine couplings are also altered. The increase in *g*-values and decrease in *A* ~‖~ of copper were confirmed by DFT. The in-plane hyperfine coupling of copper, *A* ~⊥~, is difficult to determine experimentally due to the strong overlap of features in the cw EPR spectra in the relevant region. In addition, the agreement of the experimental values for *A* ~⊥~ with DFT calculations is rather poor, so that no conclusions on the trend regarding the changes in *A* ~⊥~ upon ligand binding could be obtained. Recently, a new method for the determination of copper hyperfine coupling constants involving ultra-wideband excitation with frequency-swept chirp pulses has been developed^[@cit51]^ which could be used to provide this additional information and is expected to find many useful applications in this context in the near future.

DEER measurements on the ***c*-P10~Cu2~** samples showed that the shortest of the three possible Cu···Cu distances dominates in the template-bound structures ***c*-P10~Cu2~·(T4)~2~** and ***c*-P10~Cu2~·(T5)~2~**, a direct consequence of the fact that zinc has a higher affinity of binding an axial pyridine ligand than copper. The geometry of ***c*-P10~Cu2~·(T4)~2~** can therefore be determined: the eight legs of the two templates in ***c*-P10~Cu2~·(T4)~2~** will preferentially bind to zinc, leaving the central positions, corresponding to the shortest distance, for the copper porphyrin units. Since all template legs are bound to zinc, virtually no interaction of pyridine ligands with copper could be detected in either the cw EPR or ENDOR spectra of ***c*-P10~Cu2~·(T4)~2~**.

In view of the structure of ***c*-P10~Cu2~·(T5)~2~**, the question of where the fifth template leg is pointing arises. DEER experiments showed that the shortest possible Cu···Cu distance is still by far the main contribution, indicating that the copper porphyrin units are preferentially sitting in the center of the structure. Due to the higher binding affinity of pyridine to zinc, it can be assumed that four of the five pyridine legs are bound to zinc. The fifth leg might now either point in the direction of the copper porphyrin unit, or extend towards the center of the structure.

Some speculation on the geometry of ***c*-P10~Cu2~·(T5)~2~** may be attempted based on the semi-quantitative findings from DEER and ENDOR. Analysis of the ENDOR spectra (*z*-orientation), indicates that approximately 30% of all copper centers are bound to pyridine. Bearing in mind the uncertainty in the interpretation of the longer distances (and especially their distributions) due to the limited length of the DEER trace, the contribution of the short 2.5 nm distance obtained from DeerAnalysis amounts to at least 80% in ***c*-P10~Cu2~·(T5)~2~**. Longer distances correspond to complexes in which copper is sitting in one of the outer positions, where it is most likely bound to a pyridine leg. Thus, the contribution of longer distances accounts for most of the intensity of the second peak observed in ENDOR. The discrepancy found between the DEER and ENDOR percentages is hardly surprising given the large uncertainty in the determination of either quantity, although it might be speculated that in some cases the copper atoms sitting in the center of the structure are bound to the fifth template leg which could account for this difference. In most (if not all) cases, however, it appears that the fifth template leg does not bind to copper, but extends towards the center of the structure.

The difference in metal--ligand binding strength between copper and zinc was shown to have a dominant impact on the geometry of the binuclear copper porphyrin structures formed upon template addition. To further support this finding, additional experiments on a complex between ***c*-P10~Cu2~** and a different, X-shaped, isomer of **T4** were carried out. As predicted from the geometric shape of the template and the ligand binding arguments above, only the largest Cu···Cu distance of 5.0 nm was observed in contrast to a distance of 2.5 nm obtained for **T4**. This distance is indicative of a 'planar' structure, confirming once more that no significant twisting or bending of the complexes seems to occur.

For the ***c*-P10~Cu2~** ring without template, a Cu···Cu separation of 4.3 nm was found experimentally, which is in very good agreement with expectations from molecular modeling and shows that the ring is fairly shape-persistent in solution. As expected and confirmed on inspection of the DEER distance distributions, the flexibility of the ring without template is larger as compared to the template-bound structures.
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[^1]: †Electronic supplementary information (ESI) available: Description of the experimental conditions and parameters applied; supplementary data sets and simulations; visualization of the calculated hyperfine and nuclear quadrupole tensors. See DOI: [10.1039/c6sc01810f](10.1039/c6sc01810f) Click here for additional data file.

[^2]: ‡In agreement with other literature results,^[@cit32],[@cit33]^ the in-plane copper hyperfine coupling, *A* ~⊥~, is predicted to be much smaller by DFT than experimentally observed. It changes sign in the calculations between **P1~Cu~** and **P1~Cu~·py** and predictions of a trend in *A* ~⊥~ based on the DFT results would therefore be difficult and shall not be attempted here.

[^3]: §Experiments were performed in protonated toluene as the use of deuterated toluene as a solvent resulted in deuterium modulations which completely dominated the ESEEM time traces and considerably complicated the detection of any nitrogen couplings.

[^4]: ¶The distance distributions obtained from DeerAnalysis were corrected for *g*-factor differences prior to analysis. A *g*-factor of 2.05 was assumed for the copper compounds (excitation on *xy*), whereas DeerAnalysis uses the free electron *g*-factor for calculations of the distances. It should further be noted at this point that in all oligomers 30% of the copper porphyrin\'s spin density is spread onto the four in-plane nitrogens (Cu···N bond length 0.2 nm) which will contribute a minor component to the width of all distance distributions but should not affect the mean distance.
